I. INTRODUCTION
Potassium titanyl phosphate, KTiOPO 4 (KTP), is one of the most widely used single crystals for laser beam control in the visible and near IR ranges, 1 especially for frequency converter in nonlinear optics. KTP is considerably superior to other well-known nonlinear optical materials for frequency doubling of continuous-wave or pulsed Nd 3þ laser devices. 2 It possesses many outstanding properties, such as large nonlinear optical coefficients, high induced damage threshold, broad spectral bandwidth (352-4500 nm), and high chemical stability. 3, 4 KTP belongs to the orthorhombic crystal class with the symmetry group mm2, and it has nine independent elastic constants (c ij ), five independent piezoelectric constants (d ij ), and three dielectric constants (e ij ). Up to date, the temperature dependence of the complete set of elastic and piezoelectric coefficients has never been measured. It was reported that KTP has a large electromechanical coupling coefficients and its elastic constants are nearly temperature independent in the temperature range of C, 5 which makes it attractive for high temperature applications. Knowledge on the complete set of material property tensor is very important for in-depth theoretical analysis as well as device design using finite element simulations. Accurate elastic constants can furnish useful information about the crystal, because they are related to a variety of fundamental solid-state phenomena, such as specific heat, Debye temperature, etc.; 6 hence, it is very important to obtain the full tensor properties of KTP single crystals. The reason these tensor properties have not been measured up to date is because the task is extremely challenging. There are total 17 independent material constants to be determined. Using the IEEE impedance resonance method for such purpose needs at least 7 samples with very different geometries. Uncertainties will be introduced due to the property variation from sample to sample and the geometry dependence of properties, which makes it very difficult to achieve selfconsistency of the final matrix data.
The resonant ultrasound spectroscopy (RUS) utilizes a broad resonance spectrum of coupled modes so that a lot of information can be obtained from one sample. In principle, if the mechanical quality factor Q m is high enough, 7 it is possible to determine the full matrix constants using only one sample by solving the 3-D coupled wave equations for piezoelectric materials. Compared with the IEEE impedance resonance method of using multiple samples for such tasks, using only one sample can eliminate errors caused by sample-to-sample property variation, so that data selfconsistency can be guaranteed. Tang and Cao had confirmed the validity of such data self consistency using a combination of experiments and numerical calculations. 8 Most importantly, if only one sample is needed in the extended RUS method, we could heat up this sample and obtain the temperature dependence of the RUS spectrum, which would allow us to determine the temperature dependence of the full tensor properties. This capability had already been demonstrated for measuring the temperature dependence of the full tensor properties of PZT-4 ceramics, which has 10 independent material constants. 8 It is, of course, much more challenging to get all 17 independent coefficients from one sample, which is a work to be performed here. The single crystal KTP sample used in our measurements was grown by the top seed growth method using K 4 P 2 O 7 -PbO as flux. Related experimental details for the crystal growth had been reported previously. 9, 10 The as grown crystal was cut into a rectangular parallelepiped along the crystallographic x, y, and z axes. The six faces were grinded into the final size of 5.138 Â 4.776 Â 4.606 mm 3 . The mass of KTP sample is 0.337 g, yielding a density of 2.982 g/cm 3 , which agrees with the previously reported value of 2.95 g/cm. 5, 11 The low and high frequency capacitances from 20 C to 150 C were measured by an HP4294A impedance analyzer connected to a temperature chamber (Delta 9023).
There are two processes involved in the RUS method. One is the forward process, which is to use known material constants to calculate the resonance spectrum. The other is the inverse process, which is to find out the unknown material constants from the measured spectrum, which is done by incrementally adjusting the input guessing parameters and repeatedly calculating the resonance spectrum aiming to match the measured spectrum. For this reason, the parameters to be adjusted must be sensitive to the change of the spectrum. This is true for the elastic and piezoelectric constants, but not for the dielectric constants, i.e., there is little change of the spectrum when there is already a very large change of the dielectric constants. Therefore, the clamped dielectric constants e S 11 , e S 22 , and e S 33 must be measured directly on the same sample because they cannot be measured by the RUS method due to their poor sensitivity to mechanical resonance modes. 8 The free dielectric constants e corresponding modes in the measured resonance spectrum. These room temperature data and mode information form the basis for calculations performed at the first temperature increment (DT ¼ 10 C in our case). In a successive manner, the temperature dependence of the full tensor properties can be derived from the same sample.
In the second stage, the resonance frequencies of the sample were measured in an air furnace (KSL 1100X) from 20 C to 150 C with a thermocouple placed near the sample to detect the sample temperature. The precision of the furnace temperature control is about 60.3 C, and the temperature step DT in our experiments is set to 10 C because the temperature range is far away from the phase transition so that the temperature changes are not so drastic. A diagram of the RUS set-up is shown in Figure 1 . The DRS 9000 system (Dynamic Resonance Systems, Inc.) was used to measure the resonance frequency spectrum. In the room temperature measurements, we used the transducers that came with the system, which can work from 16 kHz to 4 MHz according to the manual. We have characterized the transducers and found that their center frequency is about 30 MHz, which is far above the RUS working range. For the temperature dependence data, we made the transducers using LiNbO 3 single crystals. The center frequency of our transducers is about 15 MHz, which is also far above the RUS working frequency range (<2 MHz in our case). The KTP sample was mounted between the transmitting and receiving transducers, making contacts only at the opposite corners to allow free vibrations. Then, the whole assembly was placed inside the small furnace, as shown in Figure 1 . The transducers were connected to the DRS 9000 system through a hole on the furnace wall using high temperature wires. We set the starting and stopping frequencies of the sweep signal to 300 kHz and 1700 kHz, respectively, and the total number of data points collected was N ¼ 14 000, which gives a frequency resolution of 0.1 kHz. The resonance ultrasound signals were obtained by the DRS 9000 system that was controlled by a computer. A large number of vibration eigen-modes could be measured by sweeping the excitation frequencies.
14 The variational method for electroelastic vibrations was used to calculate the resonance frequencies of a rectangular parallelepiped sample. 15 Details about the RUS method and related back fitting procedure were explained in 1990 by Ohno. 16 FIG. 1. The RUS experimental setup. The sample is in between the two transducers with contact at the opposite corners, and the whole assembly is inside a small furnace. The DRS 9000 is a commercial RUS system, which is controlled by a software installed in a PC.
The resonance spectra of a selected frequency range from 300 kHz to 600 kHz at 30 C and 80 C are shown in Figure 2 . One can see that all resonance frequencies decrease with temperature for this KTP crystal.
III. RESULTS AND DISCUSSIONS
The temperature dependence of each resonance frequency, corresponding to a particular mode, was fitted to a second-degree polynomial, which can help smooth out data fluctuations. In the RUS technique, mode identification is the most difficult task when trying to extract the material constants. The final results would be wrong even if only one mode was wrongly identified. Judging by the position and interval between the resonance peaks, 109 resonant peaks from 300 kHz to 1700 kHz were identified in our case. These 109 modes were used to derive the elastic and piezoelectric constants at each temperature through the inverse calculation process.
As mentioned above, the 9 unknown elastic and piezoelectric constants at room temperature (20 C) were first extracted using the measured resonance spectrum, then, the full tensor properties at 20 C were used as the initial guessing parameters for the next temperature T ¼ 30 C. By this analogy, the inversion process was conducted every 10 C until 150 C. In the whole temperature range, the errors between the calculated and the measured ones for all 109 modes were below 0.35%, which gives us confidence about the obtained results.
Specifically, the inverse process is to minimize the following objective function: 
where f ðiÞ ðcalÞ and f ðiÞ ðmeasÞ are the computed and measured frequencies, respectively, and w i is the weighting factor. The difference between predicted and measured frequencies can be minimized by an iterative non-linear least-squares fitting procedure, such as the Levenberg-Marquardt (LM) algorithm used in our case. 18 Here, we used 1=ðf ðiÞ ðmeasÞ Þ 2 as the weighting factor. There are detailed descriptions about the LM algorithm in the literature. 19, 20 Finally, the elastic and piezoelectric constants of KTP were obtained as a function of temperature. Figures 3 and 4 show the temperature dependence of the 9 elastic constants and 4 piezoelectric constants of KTP, respectively. The points correspond to experimental results while the lines are least-squares fitting curves.
A summary of the results for elastic and piezoelectric constants together with the fitted results of e ) were fitted to a quadratic function of temperature because their experimental data showed some curvatures. All piezoelectric constants were fitted to quadratic functions of temperature. A summary of fitted functions of the elastic and piezoelectric constants is shown in Table III , increase with temperature. At room temperature, our elastic constants compared well with those published data in Table I , 2, 5, [21] [22] [23] while the temperature dependence data had never been measured before. The temperature dependence of the 5 piezoelectric constants is shown in Figure 4 To illustrate the orientation dependence of these physical properties, coordinate transformation has been performed on the obtained single domain data sets. The constants, c 33 , d 33 , and e 33 ; were rotated counterclockwise first around the x-axis by an angle a, then rotated counterclockwise around the new z 0 -axis by an angle c in the 3-dimensional space. The corresponding parameters in the 3-dimensional space as functions of a and c are shown in Figure 5 . The elastic constant c 33 reaches its maximum value at b ¼ 90 , while the maximum values of d 33 and e 33 all appear at b ¼ 0 . A rectangular parallelepiped KTP sample has a macroscopic symmetry of C 2h , so that there are four groups of vibration modes denoted by A g , A u , B g , and B u . 16, 27 The temperature dependence of four selected mode frequencies A u -2, B g -1, A g -15, and B u -13 are shown in Figure 6 . The points correspond to the measured results, while the lines are calculated results using our obtained material constants. One can see that the calculated and measured results are in excellent agreement.
In order to check the self-consistency of the obtained tensor properties, the measured free dielectric constants e T 11 and e T 22 are compared to those calculated values in the given temperature range using the following formulas:
where
Also, we have used different formulas to calculate the piezoelectric constants d 15 and d 24 to check the selfconsistency of the matrix data 
where s E 44 and s E 55 are elastic stiffness constants, k 15 and k 24 are electromechanical coupling factors, which can be obtained from the following formulas:
The measured and calculated e calculated by different formulas are below 1.5% and 1.0%, respectively. Generally, the full matrix constants can be considered self-consistent if the deviation of the calculated result of each constant using different formulas was less than 5%. 28 To further check the self-consistency, we also compared the elastic stiffness constants c Table I . From our analysis, the overall errors of the RUS technique are less than 4.0%.
IV. CONCLUSIONS
In summary, the dielectric, elastic, and piezoelectric constants of the KTP single crystal have been determined using only one sample from room temperature up to 150 C 24 , and d 32 ) of KTP single crystal are strongly temperature dependent, while the remaining constants are nearly independent of temperature. Using the full set material constants, we were able to calculate the orientation dependence of the piezoelectric, elastic, and dielectric constants, which can help determine the optimum cut of the crystal for desired applications. 
